Thermoelectric (TE) materials, which can realize direct heat-electricity conversion, have attracted extensive interests due to their widespread applications in solid-state cooling, power generation, temperature measurement, and waste heat recovery[@b1]. The conversion efficiency of such TE materials is generally characterized by the dimensionless figure of merit: *ZT* = *S*^*2*^*σT/*(*κ~l~ + κ~e~*), where *T*, *S*, *σ*, and *κ~l~* (*κ~e~*) are the temperature, the Seebeck coefficient, the electrical conductivity and the thermal conductivity from lattice (electrons), respectively. To date, most of the TE materials with high *ZT* values normally contain metal elements which are toxic, scarce and/or expensive (e.g., Pb, Te, Sb)[@b2][@b3][@b4][@b5]. Moreover, due to thermal instability and oxidation, these materials have limited applications at high ambient temperature for example, in waste heat utilization. In this case, oxide-based semiconductors, which are thermally and chemically stable at high temperature, have been regarded as a promising alternative. So far, among the *p*-type oxide TE materials, Co-based oxide material Ca~3~Co~4~O~9~ has been intensively investigated because of its good TE performance at high temperature[@b6][@b7][@b8][@b9]. The highest *ZT* value of 0.61 at 1118 K was achieved by heavy doping and metallic nano-inclusion approach[@b10]. However, the *ZT* value of *n*-type TE oxides (e.g., SrTiO~3~[@b11], ZnO[@b12], CaMnO~3~[@b13]) is still lower in terms of assembling a practical oxide-based TE device due to its mediocre electrical conductivity σ (\~100--200 S.cm^−1^) and/or high thermal conductivity *κ* = (*κ~l~ + κ~e~*) (\~2--10 W.m^−1^.K^−1^). In this regard, two main strategies have recently been applied to improve the *ZT*: One is to enhance the power factor (*S*^*2*^*σ*) by tuning the carrier concentration[@b14], or band engineering[@b15][@b16][@b17] and the other is to reduce *κ*~L~ by enhancing phonon scattering through solid solutions and nanostructuring[@b2][@b3][@b18]. In fact, our previous work reveals that thermal conductivity can be reduced from 3 W m^−1^ K^−1^ (micron sample) to 2.2 W m^−1^ K^−1^ (nanostructured sample) in In~2~O~3~-based ceramics[@b19]. The nanostructurint approach results in nearly a 100% increase of *ZT* to reach 0.27 at 950 K. However, the lattice thermal conductivity cannot be reduced below 2.0 W m^−1^ K^−1^ at 950 K in the 50 nm grained sample, therefore, a substantial reduction to *κ~l~* \~ 1 m^−1^ K^−1^ is highly desirable.

Given that phonons have a wide spectrum of wavelengths, i.e., phonons with different wavelengths contribute differently to *κ~l~*. A variety of experiments have proved that *κ~l~* decreases with decreasing grain size in the nanostructured thermoelectric materials, because the mean free paths for most of the phonons will be limited by the nano-grain size. Therefore, introducing the nano-grains causes mid- to long-wavelength phonons to be strongly scattered by numerous interfaces, while the short-wavelength phonons are less affected. It was shown previously that in the bulk TE materials, these short-wavelength modes can actually carry a substantial contribution of heat. For example, in a so-called all-scale (atom/nano/mesostructure) hierarchical architectures: PbTe, nearly 30% of *κ~l~* is contributed by phonons with a wavelength of less than 5 nm, which can be attributed to scattering by atomic-scale solid-solution alloying[@b4]. Furthermore, for most of alloy materials, the operating temperature is in the mid-temperature range (\~ 700 K) where the characteristic wavelength of heat-carrying phonons is in the order of interatomic distance. However, for the oxides those are operated at high temperature (\~ 1000 K), the characteristic wavelength of phonons is always comparable to the lattice constants. The short-wavelength phonons can be scattered by introducing the point defect, resulting in a substantially reduced thermal conductivity. Zhu *et al*. found that small amount of Ge (5%) substituted in the nanostructured Si could be efficient in scattering the phonons shorter than 1 nm, resulting in a further reduction of *κ~l~* by 50%[@b20].

Accordingly, to take the advantages of both point defect and nanostructuring engineering, heavy doping and spark plasma sintering (SPS) method are applied to fabricate nanostructured In~2~O~3~. An ultralow lattice thermal conductivity of 1.2 W m^−1^ K^−1^ @ 973 K that is below the theoretical minimum in amorphous In~2~O~3~ ceramics is achieved[@b21]. Furthermore, the observed *ZT* value is 4 times higher than that of pristine In~2~O~3~ and show the maximum value of 0.44 at 973 K, due to both the substantial reduction in thermal conductivity and the increased carrier concentration, paving a path for enhancing *ZT* in *n*-type TE oxides for high-temperature applications.

Results and Discussion
======================

[Figure 1 (a)](#f1){ref-type="fig"} presents the XRD patterns of all In~2--2x~Zn~x~Ce~x~O~3~ specimens prepared by SPS. All of the major reflections could be well indexed to bixbyite-type cubic lattice structure with (206) space group. The existence of CeO~2~ as a secondary phase was observed in the specimens for which x\> 0.08, suggesting that the solid solubility limit of Ce in In~2~O~3~ is smaller than 4%, which is larger than that of the previous report (\~1%)[@b22]. Furthermore, it is strange that no any additional phase in XRD assignable to ZnO can be found in the patterns, since the solid solubility of Zn has been reported to be less than 2%[@b23]. A similar phenomenon has been reported that respective solubility can be increased greatly when the equal amounts of Zn and Sn are simultaneously cosubstituted in In~2~O~3~[@b24]. The lattice parameters of all the samples were calculated from the XRD peaks positions as shown in the [Figure 1 (b)](#f1){ref-type="fig"}. The lattice parameter increases monotonically up to x = 0.08 following Vergard formula: *a* = *a~0~ + k* *x*, where *a~0~* is the pristine lattice constant and *x* refers to the doping level. The lattice expansion is due to the larger average ionic radius of doping species (*r*~Zn~^2*+*^ = 0.74 Å, *r*~Ce~ ^4*+*^ = 0.92 Å, *r*~ave~ = 0.83 Å) as compared to that of In^3*+*^ (*r*~In3*+*~ = 0.80 Å). The lattice parameter no longer changes as the doping level is increased beyond x = 0.08, confirming that the solubility limit is 4%.

[Figure 2](#f2){ref-type="fig"} shows the microstructure and phase composition of the bulk samples prepared by SPS. As observed in the high-magnification SEM ([Figure 2 (a, c)](#f2){ref-type="fig"}), the x = 0.08, 0.12 samples exhibit nanostructure. The grain size is in the range from 20 to 100 nm, similar to our previous work for x = 0.04.[@b19] There are some larger grains (200--300 nm) were observed in the highly doped sample (x = 0.16) as shown in [Figure S1 (a)](#s1){ref-type="supplementary-material"} in [Supplementary Information](#s1){ref-type="supplementary-material"}. Based on the backscattered images ([Figure 2 (d)](#f2){ref-type="fig"}, [Figure S1 (b)](#s1){ref-type="supplementary-material"}), it is clear that the higher doping content presents compositional inhomogeneity. However, for the lower doping level (x = 0.08), no evident mass fluctuation was observed, indicating the doping is homogeneous, which is consistent with the XRD results. In order to study the compositional variations in the sample with x = 0.16, EDX mapping was conducted for the different elements, i.e., Zn, Ce and In, as shown in [Figure S2 (b--d)](#s1){ref-type="supplementary-material"} in [Supplementary Information](#s1){ref-type="supplementary-material"}. It is observed that there are Zn-rich (In-poor) and Ce-rich (In-poor) areas, which correspond to darker and brighter regions in the backscattered image, respectively. The Ce distribution seems to be more uniform, although Ce-rich inclusions also exist. The size of Zn-rich area is larger than 100 nm, which is also evident as (ZnO)~m~In~2~O~3~ compound as shown in [Figure S2 (f)](#s1){ref-type="supplementary-material"}. The composition of Ce-rich areas can be concluded to be CeO~2~ phase as referred by the XRD results. Many CeO~2~ nanodots (10--20 nm) were observed, which distributes homogeneously in the grain boundaries. The CeO~2~ nanodots in the grain boundaries are considered to be favorable for reducing the thermal conductivity, as reported previously[@b25][@b26]. However, some of the CeO~2~ inclusions in x = 0.16 samples begin to grow to be mesoscale aggregates (\~100 nm), which may harm the electrical conductivity and influence the TE properties.

The temperature dependence of electrical conductivity is illustrated in [Figure 3a](#f3){ref-type="fig"}. The electrical conductivity of all the samples decreases sharply with increasing temperature, indicating typical degenerate semiconducting transport behaviors. The room-temperature electrical conductivity increases with the doping level from 650 S cm^−1^ in the x = 0.04 sample to 1022 S cm^−1^ in the sample with x = 0.08. As the doping level is increased further, the room temperature electrical conductivity decreases sharply. This behavior is corresponding to the variety of carrier concentration with doping level as seen in the [Table 1](#t1){ref-type="table"}. It may be expected that the Zn^2*+*^/Ce^4*+*^ dual doping should produce donor--acceptor pairs in In~2~O~3~ and give no any additional carriers as shown in [Equation 1](#m1){ref-type="disp-formula"}, [2](#m2){ref-type="disp-formula"}. However, the significantly higher electrical conductivity (\~650--1000 S cm^−1^) of dually doped specimens than that of pristine In~2~O~3~ (\~100 S cm^−1^), infers that a considerable amount of carriers (\~10^19^ cm^−3^) has been generated in these system. A similar phenomenon was observed in the Zn^2+^/Sn^4+^ cosubstituted In~2~O~3~, and the possible explanation is the preferential loss of Zn during the preparation resulting in a Sn^4+^/Zn^2+^ ratio greater than one, which contributes to generate the additional carriers i.e., electrons[@b24].

[Figure 3 (b)](#f3){ref-type="fig"} shows the Seebeck coefficient *S* of all the samples is negative in the whole temperature range studied, indicating *n*-type conduction. It is consistent with the above analysis on the electrical behaviors. Here, the temperature dependence of Seebeck coefficient is a typical type of degenerate semiconducting behavior, similar to the electrical behavior. The variation of the Seebeck coefficient for all the samples is in agreement with the variation of the carrier concentration. The materials parameter *β* =  *μ*(*m*\*)^3/2^/*κ~l~* has always been used as a criterion for high performance materials, where *m*\* is effective density-of-states mass and *μ* is the carrier mobility. The effective mass is obtained by calculating the relationship between the carrier concentration and Seebeck coefficient. As given in [Table 1](#t1){ref-type="table"}, the effective mass does not change significantly as compared to the literature value of 0.3 *m*~0~[@b27], indicating no obvious change in the band structure by dual doping. It is surprising that the sample x = 0.12 has the highest mobility. The similar mobility behavior was also observed in Nb doped SrTiO~3~ with nano-inclusion[@b11]. The behavior can be partially explained by the energy filter theory that the energy barrier in the interface due to the nano-inclusion preferentially scatters the low energy electron. Meanwhile, the nano-inclusions with high surface activation can change the morphology of grains, which can contribute to the increased mobility[@b10][@b11]. Therefore, the sample x = 0.12 presents the highest material parameter *β*, suggesting that the electrical transport has been optimized by the nanostructuring and the point defect engineering.

The suppressed thermal conductivity caused by the point defects and nanostructures is shown in [Figure 4a](#f4){ref-type="fig"}. The low thermal conductivity of 6.9 W m^−1^ K^−1^ at room temperature was achieved in x = 0.12, which is about 25% lower than that of the sample x = 0.04 with a grain size of 50 nm. At high temperature, the thermal conductivity is decreased from 2.8 W.m^−1^.K^−1^ in x = 0.04 to 2.1 W.m^−1^.K^−1^ in x = 0.12, which clearly shows that the effect of nano-inclusions and point defect on the phonon scattering works at high temperature, too. The total thermal conductivity κ can be expressed by the formula *κ* = *κ~l~* + *κ~e~*, where, *κ~l~* is the lattice contribution and *κ~e~* is the electronic one. The contribution from the electronic thermal conductivity *κ~e~*, can be caculated from the electrical conductivity data using the Wiedemann-Franz law: *κ~e~* = *LTσ*, where, *L* is the Lorenz number obtained by fitting the respective Seebeck coefficient values with an estimate the reduced chemical potential ([Supplementary Information](#s1){ref-type="supplementary-material"}, Equation 4) and *σ* is the electrical conductivity. The temperature dependence of *κ~l~* for all the samples is shown in [Figure 4b](#f4){ref-type="fig"}. The sample x = 0.12 shows the lowest *κ~l~* at high temperature, yielding the value of 1.2 W.m^−1^.K^−1^, which is about 60% and 40% lower than that of the undoped In~2~O~3~ and the sample x = 0.04, respectively. This implies that the phonon scattering from the point defects and the nanostructures (including nano-grains and nano-inclusions) is an effective approach to reduce the lattice thermal conductivity of oxides at high temperature. To understand better the phonon scattering in this system, the Callaway model based on the point defect scattering is adopted to describe the influence of point defects on the lattice thermal conductivity[@b28][@b29]. The calculation results ([Figure 4 (c)](#f4){ref-type="fig"} and details about the calculation is given in the [Supplementary Information](#s1){ref-type="supplementary-material"}) indicate that the lattice thermal conductivity is decreased with the increasing doping level. As the results, *κ~l~* has been reduced to 1.5 W m^−1^ K^−1^ for x = 0.16, which is about half of the value for the pristine In~2~O~3~. The experimentally measured *κ~l~* values are lower than that of the theoretically calculated values, and this deviation between the measured and calculated results can be ascribed to the effect of nano-grains and nano-inclusions in the the samples x = 0.4, 0.08 and 0.12. However, for sample x = 0.16, the larger grain size of secondary phase does not play a positive role in enhancing the phonon scattering.

The so-called "amorphous limit" for thermal conductivity, *k*~min~ can be estimated by Cahill\'s formulation[@b21]:

where, *V* is the average volume per atom, *k~B~* is the Planck constants, *θ~i~* is the Debye temperature of each polarization. The *k*~min~ (as shown in [Figure 4 (b)](#f4){ref-type="fig"}) of In~2~O~3~-based compounds can be calculated as 0.9 W.m^−1^.K^−1^ and 1.2 W.m^−1^.K^−1^ at the temperature of 327 K and 973 K, respectively. It should be noted that the measured *κ~l~* of x = 0.12 is lower than the calculated *k*~min~, indicating this material is closed to being a phonon-glass and electron crystals.

Many efforts have been made to increase the *ZT* value of TE materials, and one of the most effective methods used is to reduce the thermal conductivity by grain boundary scattering through nanostructuring methods. However, decreasing the grain sizes always leads to a great reduction in the electrical conductivity by the increased energy barrier, which is not favorable for enhancing the *ZT* values. Therefore, all-scale hierarchical architectures have been proposed to maximize the reduction in lattice thermal conductivity and retain the high electrical properties[@b4]. In order to retain the electrical conductivity, the mesoscale grains should be connected together to form a fast electron transport pathway, and numerous interface by the nanostructure to enhance the phonon scattering, which is proposed by Zhao et al[@b30]. The carrier and phonon transport paths in the x = 0.12 is helpful to effectively scatter phonons on the multiple length scale (nanoscale and mesoscale). Furthermore, the point defect enhances the carrier concentration and suppress the atomic-scale scattering, therefore the sample x = 0.12 achieved the highest *ZT*.

The *ZT* value is improved to 0.44 at 923 K for x = 0.12 as shown in [Figure 5 (a)](#f5){ref-type="fig"}. The ZT value of In~2~O~3~ was enhanced 4-fold by Zn and Ce dual doping as compared to that of the pristine sample, and is about 60% higher than that of the sample x = 0.04. Additionally, this *ZT* value is higher than that of the other oxide systems, *i.e.* SrTiO~3~[@b31], ZnO[@b12] and CaMnO~3~[@b13] as shown in the [Figure 5b](#f5){ref-type="fig"}.

In summary, our work on heavily doped In~2~O~3~ nanostructured ceramics demonstrates that modulating point defects improve the electrical conductivity and suppress the lattice thermal conductivity, simultaneously. The lattice thermal conductivity has been reduced by 60%, and the minimum lattice thermal conductivity (1.2 W m^−1^ K^−1^ @ 973 K) can be reached to the theoretical minimum or amorphous limit. Hence, the highest *ZT* value of 0.44 at 973 K makes In~2~O~3~-based bulk ceramics a promising candidate for thermoelectric power generation applications. Our work not only deals with the higher ZT in In~2~O~3~ based system but also provides a systematic ground for improving the performance of other ceramic-based TE materials.

Methods
=======

Sample preparation
------------------

InCl~3~, Zn(NO~3~)~2~, Ce(NO~3~)~3~· 6 H~2~O, and NH~4~HCO~3~ were dissolved in distilled water to make the nitrate stock solution. The resultant suspension was subjected to suction filtration. The filtrate was washed with distilled water before drying at 343 K for 2 h. The precursor powder was calcined at 623 K for 2 h in air. The obtained powder was then pressed and sintered at 1153 K by using Spark Plasma Sintering (SPS) method. The density for all the samples could reach up to \~95% of the theoretical density.

Sample characterization
-----------------------

X-ray diffraction (XRD) with a Rigaku D/MAX-2550V diffractometer (Rigaku, Japan; Cu K*α* radiations) and high resolution scanning electron microscopy (FE-SEM, Carl Zeiss Merlin with a 0.8 nm resolution) were employed to study the phase composition and microstructures, respectively. The samples for SEM and BSE observation were carefully polished and then thermally etched at 1053 K for half an hour. The samples for the measurements of thermoelectric properties were cut out of the sintered bodies in the form of rectangular bars of 3 mm by 3 mm by 15 mm with a diamond blade, and then silver paint electrodes were formed on both sides of the sintered ceramic discs for electrical measurements. The electrical conductivity and Seebeck coefficient were measured by commercial equipment (Ulvac, ZEM-3). The high-temperature thermal conductivity *κ* was determined from measurements of the thermal diffusivity (*α*), the heat capacity (*C*~p~), and the density (*ρ*), using the relationship: *κ* = *α* × *C*~p~ × *ρ*. The relative bulk density was measured by the Archimedes method. A Netzsch LFA 457 laser flash apparatus measured the thermal diffusivity and the specific heat. The Hall coefficients were measured using the Vander Pauw technique under a magnetic field of 0.7 T. The estimated measurement accuracies are listed below for the commercial equipments used: 5% for the electrical resistivity, 7% for the Seebeck coefficient, 10% for the specific heat, and 5% for the thermal diffusivity.
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![(a) The XRD patterns of various In~2--2x~Zn~x~Ce~x~O~3~; (b) The measured lattice parameters of In~2--2x~Zn~x~Ce~x~O~3~ as a function of x.](srep07783-f1){#f1}

![High magnification SEM and BSE images of x = 0.08(a--b), x = 0.12 (c--d).\
The Ce-rich area corresponds to brighter region and The Zn-rich area corresponds to darker region in (d).](srep07783-f2){#f2}

![Thermoelectric properties of the In~2--2x~Zn~x~Ce~x~O~3~.\
Temperature depencences of electrical conductivity (a) and Seebeck coefficient (b).](srep07783-f3){#f3}

![Temperature dependence of (a) Total thermal conductivity and (b) Lattice thermal conductivity using the calculated Lorenz number, of various In~2--2x~Zn~x~Ce~x~O~3~. The dash line is calculated minimum lattice thermal conductivity. (c) Lattice thermal conductivity of various In~2--2x~Zn~x~Ce~x~O~3~ at 973 K as a function of x. The solid line is the caculated lattice thermal conductivity used the Callaway model.](srep07783-f4){#f4}

![(a) Temperature dependence of *ZT* for In~2--2x~Zn~x~Ce~x~O~3~. (b) *ZT* values at 973 K of the present work and other reported polycrystalline oxide TE materials.](srep07783-f5){#f5}

###### Seebeck coefficient (*S*), Carrier concentration (*n*), carrier mobility (*μ*), the effective mass (*m\**) and the Lorenz number (*L*) at room temperature for various In~2--x~Zn~x~Ce~x~O~3~

  Nominal composition    *S* (μV K^−1^)   *n* (10^19^ cm^−3^)   *μ* (cm^2^V^−1^s^−1^)   *m*\* (m~0~)   *L* (10^−8^ V^2^K^−2^)
  --------------------- ---------------- --------------------- ----------------------- -------------- ------------------------
  x = 0.04                     92                5.05                   81.3                0.33                2.33
  x = 0.08                     85                7.04                   91.3                0.36                2.34
  x = 0.12                    104                4.21                   114.6               0.33                2.31
  x = 0.16                    130                2.92                   70.7                0.34                2.30
